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A nodal loop is formed by band crossing along a one-dimensional closed manifold, with each
point on the loop a linear nodal point in the transverse dimensions and can be classified as type-I
or type-II depending on the band dispersion. Here, we propose a class of nodal loops composed
of both type-I and type-II points, which are hence termed as hybrid nodal loops. Based on first-
principles calculations, we predict the realization of such loops in the existing electride material
Ca2As. For a hybrid loop, the Fermi surface consists of coexisting electron and hole pockets that
touch at isolated points for an extended range of Fermi energies, without the need for fine-tuning.
This leads to unconventional magnetic responses, including the zero-field magnetic breakdown and
the momentum space Klein tunneling observable in the magnetic quantum oscillations, as well as
the peculiar anisotropy in the cyclotron resonance.
The exploration of new types of quasiparticles in topo-
logical band structures has been attracting tremendous
attention [1–4]. Due to the reduced symmetry con-
straints, the kinds of quasiparticles in solids are more
abundant than in high-energy physics [5–13]. For ex-
ample, the relativistic Weyl fermions feature an upright
Weyl-cone dispersion required by the particle-hole sym-
metry, which, however, is not a fundamental symmetry in
condensed matter and its absence allows the conical dis-
persion (formed at band-crossings) to be tilted. The de-
gree of the tilt allows the nodal points to be classified into
two types [14, 15]. For type-I points, the cone is slightly
tilted and the electron-like and hole-like states are occu-
pying different energy ranges; whereas for type-II points,
the cone is completely tipped over and the electron-like
and hole-like states coexist in energy. Their difference
is directly reflected in the distinct Fermi surface topol-
ogy, which leads to distinct magnetic and transport re-
sponses [16–26].
The crossing between bands may also form one-
dimensional loops in the momentum space [27–35]. Each
point on the loop can be viewed as a nodal point in the
transverse dimensions perpendicular to the loop, hence
can be characterized as type-I or type-II. This naturally
leads to a classification scheme of nodal loops. Conven-
tional (type-I) loops are composed of type-I points and
typically formed by the crossing between an electron-like
band and a hole-like band. Li et al. proposed the con-
cept of type-II loops [36], which consist of only type-II
points and are formed by crossing between two electron-
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like or two hole-like bands. However, there is one remain-
ing possibility: loops composed of both type-I and type-II
points, which may be termed as hybrid loops. In previous
works, hybrid nodal lines connecting nexus points were
predicted in Bernal stacked graphite [37, 38], and hybrid
loops were noticed in the ScCd-type transition-metal in-
termetallic materials [36] as well as some predicted car-
bon allotropes [39]. However, unique properties of hybrid
loops have not been exposed, and it is urgent to identify
an existing material that hosts hybrid loops in order to
facilitate the experimental study.
In this work, we present a theory for hybrid nodal
loops. We show that the loop typically occurs when one
of the crossing bands has a saddle-like dispersion. Based
on first-principles calculations, we identify the existing
electride material Ca2As as a hybrid nodal-loop metal
with three pairs of hybrid loops in the Brillouin zone (BZ)
close to the Fermi level. For a hybrid loop, the Fermi sur-
face consists of coexisting electron and hole pockets that
touch at isolated points for an extended range of Fermi
energies, without the need for fine-tuning. Interestingly,
around these touching points, tunneling between the elec-
tron and hole pockets would occur in a magnetic field,
corresponding to the momentum-space Klein tunneling
and forming new types of cyclotron orbits. This in turn
leads to unique signatures in magnetic quantum oscilla-
tions as well as the peculiar anisotropy in the cyclotron
resonance, which can be used to characterize the hybrid
nodal-loop phase.
We start by illustrating the essential idea of hybrid
loops. Consider a nodal loop formed by the crossing
of two bands. The low-energy effective model around
a point P on the loop can be expressed as (setting ~ = 1)
H = v1q1σx + v2q2σy + w · q, (1)
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2where q is measured from P with q1,2 the two compo-
nents in the plane perpendicular to the loop, vi’s are the
Fermi velocities, and σi’s are the Pauli matrices. The
last term in (1) causes the tilt of the spectrum. Let
w⊥ = (w1, w2, 0) be the component of w in the trans-
verse dimensions, i.e., q1-q2 plane, then the conical dis-
persion described by (1) in the q1-q2 plane is (not) tipped
over if |w⊥|2 is greater (less) than
√
v21w
2
1 + v
2
2w
2
2, and
accordingly, the point P is labeled as type-II (type-I).
A hybrid loop emerges when both type-I and type-
II points coexist on the loop. Let’s consider a simplest
model for a single hybrid loop:
H = αxk
2
x +αyk
2
y + (βxk
2
x +βyk
2
y−M)σx + vzkzσy, (2)
where αi, βi, M , and vz are the model parameters. When
M > 0 (assuming βx(y) > 0), the model describes a nodal
loop in the kx-ky plane, and around each point on the
loop, the expanded low-energy model takes the form in
(1). One checks that the loop is type-I (type-II) when
the condition |αi|/|βi| < 1 (> 1) holds (i = x, y); and a
hybrid loop is realized when (|αx|−|βx|)(|αy|−|βy|) < 0.
The three types of loops are illustrated in Fig. 1. One
observes that a hybrid loop would typically occur when
one of the crossing bands has a saddle-type dispersion.
This leads to two important features. First, a hybrid
loop generally has energy variation along the loop, i.e., it
spans a range of energy. Second, when the Fermi energy
is located in that energy range, the Fermi surface would
consist of coexisting electron and hole pockets that are
connected by isolated nodal points from the loop. Such
touching electron and hole pockets also appear for an
isolated type-II nodal point [14, 15], which, however, re-
quires the Fermi energy to be exactly tuned to the energy
of the nodal point. In comparison, for a hybrid loop, this
occurs in a range of energies without the need for fine-
tuning. These features give rise to interesting magnetic
responses as we shall discuss later.
We identify a concrete material candidate Ca2As that
hosts the hybrid loops. Ca2As has a body-centered
tetragonal structure with the space group I4/mmm
(No. 139). Figure 2(a) shows the conventional cell of
Ca2As, which contains two units of primitive cell with a
hexahedral representation [Fig. 2(b)]. This material has
already been synthesized in experiment [40], and inter-
estingly, it has also been identified as a zero-dimensional
electride material [41], in which there are electrons dis-
tributed at interstitial cavities, serving as anions for the
structure [see Fig. 2(b)].
We performed first-principles calculations on the ma-
terial properties [42]. The obtained electronic band
structure without spin-orbit coupling (SOC) is shown in
Fig. 3(a). It shows a semimetal character with crossing
between conduction and valence bands around the X and
P points of the BZ. Let’s first consider the two crossing
points A1 and A2 around X [see Fig. 3(b)]. First, we
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FIG. 1. Illustration of (a) type-I, (b) type-II, and (c) hybrid
nodal loops, with their typical Fermi surfaces shown in (d-f),
respectively. Here, the loop is assumed to be in the kx-ky
plane, and blue (orange) color in (d-f) indicates the electron
(hole) character of the Fermi surface.
FIG. 2. Crystal structure of Ca2As in (a) conventianl, and
(b) primitive cell representations. (c) The corresponding Bril-
louin zone. The colored iso-surfaces in (b) (for electron lo-
calization function value of 0.85) indicate the cavities where
anionic electrons are confined.
find that the two points are not isolated, rather, they be-
long to the same nodal loop lying in the horizonal (kx-ky)
plane. This is explicitly shown in Fig. 3(c) where we plot
the two crossing bands in this plane. In fact, the nodal
loop is constrained by the mirror symmetryMz to lie in
the kx-ky plane. Second, one notes that the dispersion
around A1 and A2 are of distinct types. As observed in
the enlarged view in Fig. 3(b), A1 is type-I whereas A2 is
type-II, which indicates that the loop (denoted as L1) is
a hybrid loop. This can also be seen in Fig. 3(c), where
one indeed observes that the loop is formed by the cross-
ing between a parabolic band and a saddle-shaped band.
In Fig. 3(d), we show the sections of the loop with type-I
or type-II points. And due to the c4z symmetry, there
is another symmetry-related hybrid loop located around
the X′ point.
An effective k · p model can be constructed to describe
this loop. Without SOC, the two low-energy states at
X belong to the B1u and A1g representations of the D2h
point group symmetry. Using them as basis, the effec-
tive Hamiltonian up to the k-quadratic order takes the
following form
H =
(
h1 −iDkz
iDkz h2
)
, (3)
where the wave-vector is measured from X, and h1(2) =
3m1(2)+a1(2)k
2
x+b1(2)k
2
y+c1(2)k
2
z . The parameters mi, ai,
bi, ci, and D can be fitted from the first-principles result.
In Fig. 3(b), we show the comparison between the first-
principles band structure and the model fit. One observes
that the model well describes the loop. Interestingly, in
the kz = 0 plane, the two bands described by h1 and h2
are decoupled, due to their oppositeMz eigenvalues. For
the h1 band, a1, b1 > 0 (a1 = 14.3 eV·A˚2 and b1 = 12.2
eV·A˚2), so that it is electron-like with the usual parabolic
dispersion in the kx-ky plane. In contrast, for h2, we
have a2 < 0 and b2 > 0 (a2 = −7.8 eV·A˚2 and b2 = 4.4
eV·A˚2), so its dispersion is of saddle-shape. This analysis
unambiguously identifies the loop to be of the hybrid
type.
Back to the band structure in Fig. 3(a), the crossing-
point A3 also belongs to another nodal loop (denoted as
L2) located around P (and by symmetry, there are four
such loops in the BZ). Due to the reduced symmetry at
P, the L2 loop is not confined in a specific plane but has
a snake-like shape in k-space [see Fig. 3(e)]. After careful
scan of the dispersions, we confirm that the loop is also of
hybrid type [42]. Thus, Ca2As is indeed a hybrid nodal-
loop metal.
Regarding their robustness, when SOC is absent, both
L1 and L2 loops are stabilized by the inversion (P)
and time reversal (T ) symmetries of the system. The
presence of PT symmetry guarantees a quantized Berry
phase along any closed 1D path (defining a Z2 charge).
We numerically verifies that for a closed path encircling
each loop, its Berry phase is nontrivial (±pi), hence the
loops are protected against weak perturbations that pre-
serve the symmetry. For the L1 loop, since it is located
in the mirror-invariant plane, it enjoys an additional pro-
tection by Mz, as the two crossing-bands have opposite
Mz-eigenvalues.
Although the loops are robust against weak symmetry-
preserving perturbations, a stronger perturbation may
remove the loops by pulling the two crossing bands apart,
during which a loop shrinks to a point and annihilate.
This scenario can be achieved by applying strain. As
illustrated in Fig. 3(f), a rich phase diagram can be real-
ized by simple strain tuning. With biaxial tensile strain
in the a-b plane, the two loops can be annihilated se-
quentially. The annihilation of the L1 loop is illustrated
in Fig. 3(g). Under compressive strain, the loops can be
turned from the hybrid type to type-I. Thus, strain pro-
vides a powerful method to control the nodal loops in the
current system.
Including SOC would generally gap the loops. Never-
theless, our calculation shows that SOC-induced gaps in
Ca2As for the two loops are less than 3 meV [42], so that
the SOC effect can be neglected.
The hybrid nodal loops can be directly probed by
mapping out the band structure using ARPES. Like
type-I and type-II loops, hybrid loops may also possess
drumhead-type surface states [42], which can be detected
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FIG. 3. (a) Band structure and projected density of states
(PDOS) of Ca2As. (b) Enlarged view of band crossing around
X (blue line) along with the model fit using Eq. (3) (red
dashed line). (c) Band dispersion around X in the kz = 0
plane, showing the L1 loop. (d) Location of the two L1 loops
in the kz = 0 plane. The green (red) color indicates the sec-
tion with type-I (type-II) points. (e) Shape of the L2 loop
around P. (f) Phase diagram of Ca2As under strain. Here,
the strain is of biaxial type in the a-b plane. (g) Band struc-
ture around X under -3% (dashed line) and 2% (solid line)
strain.
via scanning tunneling microscopy/spectroscopy. Below,
we further discuss the experimental signatures of the hy-
brid loop in the response under a magnetic field.
As we discussed earlier, for a range of Fermi energies,
the Fermi surface for a hybrid loop consists of coexisting
electron and hole pockets touching at isolated points that
belong to the nodal loop. Such configuration gives rise to
pronounced effect of tunneling between the electron and
hole pockets when under a magnetic field. The process
can be regarded as the momentum-space counterpart of
the Klein tunneling effect [43]. For orbits passing through
the touching point, the tunneling probability approaches
unity even when the B-field strength approaches zero [19,
22], leading to the zero-field magnetic breakdown which
can be observed in magnetic quantum oscillations.
4The effect can be understood from a semiclassical pic-
ture. The quasiparticle orbits in a B-field are quantized
according to the Bohr-Sommerfeld condition [44]:
`2BAC±n = 2pi (n+ ν) , (4)
where `B =
√
1/eB is the magnetic length, n is the inte-
ger corresponding to the Landau level (LL) index, and ν
is the phase offset containing the Maslov index and the
Berry phase of the orbit. AC±n is the area enclosed by
the semiclassical orbit C±n in k-space, which resides on
the intersection between a constant energy surface and a
plane perpendicular to the field direction. The ± in C±n
indicates that A is a signed area with its sign determined
by whether the orbit is in an electron pocket (C+) or a
hole pocket (C−).
The quantized orbits lead to quantum oscillations in
the density of states (DOS) periodic in 1/B, for which
the frequency of oscillation is given by the Onsager rela-
tion F± = |AC±n |/(2pie) [45, 46], with AC±n denoting the
extremal values of AC±n . When the electron and hole
pockets are well separated in k-space, they each con-
tribute its own oscillation frequencies separately. How-
ever, when the pockets are close such that their separa-
tion is comparable to `−1B , there will be sizable tunneling
between them, which produces new orbits that are hy-
bridizations of the original electron and hole orbits. As a
result, the LLs are reconstructed due to the hybridization
between the electron and hole LLs, and new oscillation
frequencies corresponding to the hybridized orbits, such
as FH = |F+ − F−|, would appear.
To explicitly demonstrate the above points, we take the
model in Eq. (3) for the hybrid loop in Ca2As [42]. In this
model, the hybridization of electron and hole orbits can
happen when the applied magnetic field is along the z- or
x-direction, but not the y-direction. And one notes that
the model has mirror symmetry in the x-y and y-z planes,
so the orbit areas must be extremal for kz = 0 and for
kx = 0. Therefore, using the full quantum approach, we
numerically solve the LL energy En(B, ki) when B field is
along the i-direction (i = z, x), and compute the partial
density of states ρ(E,B, ki) =
∑
n δ[E − En(B, ki)] for
ki = 0, assuming that it gives the dominant contributions
in the oscillation.
First, we consider the case for B-field along the z-
direction. Although the electron and hole pockets are
touching in the kz = 0 plane when the Fermi energy ap-
proaches the loop, there is no tunneling between them as
they are decoupled in this plane [see Eq. (3)]. Thus, in-
terestingly, the electron and hole LLs in the kz = 0 plane
would feature linear crossings versus B regardless of the
field strength [see Fig. 4(a)], and such crossings are pro-
tected by the mirror symmetry. Though the tunneling
can happen for kz 6= 0, the tunnelling probability wound
be suppressed, because when kz is large, the electron and
hole pockets would be well separated in k-space.
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FIG. 4. (a) Energy spectrum at kz = 0 for B-field along
the z direction. (b) Spectrum at kx = 0 for B-field along
the x direction, where pronounced hybridization (magnetic
breakdown) is observed. The dashed lines correspond to the
semiclassical Landau fans for hybridized orbits. (c,d) Two
types of hybridized orbits for B-field along the x-direction,
with characteristic magneto-oscillation frequencies |F+ −F−|
and |F+ − 2F−| respectively. (e) Fourier amplitudes of mag-
netic quantum oscillations for B-field along the x-direction.
Here, the partial density of states ρ(E, kx = 0) are Fourier
transformed in the field range B ∈ [0.25, 2.5]× 10−4 e−1a−2,
where a is the length unit. The data points in the figure are
obtained from the Onsager relation. The calculation details
are presented in [42]
In sharp contrast, pronounced magnetic breakdown
happens for B-field along the x-direction. Close to the
loop energy, the characteristic pattern of the orbits in
the kx = 0 plane consists of two hole orbits on the two
sides separated by an electron orbit in the middle [see
Fig. 4(c)]. Unlike the previous case, here the electron
and hole pockets can be coupled by the B-field and tun-
neling between them would occur. We thus expect two
additional oscillation frequencies to emerge in the low-
frequency range, corresponding to the two new types
of hybridized orbits shown in Fig. 4(c) and 4(d). The
first is a hybrid of one electron orbit and one hole or-
bit, which has a figure-of-eight shape [Fig. 4(c)]; while
the second involves one electron orbit and two hole or-
bits and has a three-circle shape [Fig. 4(d)]. Accordingly,
the two frequencies are given by FH,1 = |F+ − F−| and
FH,2 = |F+− 2F−|. In Fig. 4(e), we plot the Fourier am-
plitude of the oscillation frequencies [42]. One clearly ob-
serves that for Fermi energy around the hybrid loop, the
amplitudes of the original frequencies F± are decreased,
and there emerge the FH,1 and FH,2 frequency peaks in
the low-frequency range. Especially, the FH,2 peak is
5most pronounced around EF = −9.5 meV, for which the
three orbits are touching, such that the tunneling prob-
ability becomes unity.
Experimentally, the quantum oscillation in the DOS
manifest in a variety of physical properties, e.g., in the
de Haas-van Alphen oscillation in the magnetic suscepti-
bility. The three-circle orbit also leads to the difference
in the resonance frequencies in y and z directions by a
factor of three. This can be easily understood by notic-
ing that the electron oscillates in the z directions three
times as frequently as in y. This feature can be detected
by comparing the optical absorption peaks for lights po-
larized in the y and z directions.
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